Ovarian follicular atresia occurs throughout follicular development and involves apoptosis. In addition to regulation by various hormones and growth factors, ovarian granulosa cell apoptosis was shown to be dependent on transcription and translation since the spontaneous onset of DNA degradation in incubated rat granulosa cells was inhibited by actinomycin-D or cycloheximide. Using differential display of mRNA, five transcriptionally upregulated cDNA clones were isolated in the ovary after withdrawal of the anti-apoptotic factor, estrogen. Two of these estrogen-regulated genes, designated ARG-33 and ARG-40, were further characterized using Northern blot hybridizations. ARG-40 showed increased mRNA expression during apoptosis after estrogen withdrawal in the ovary, and after androgen withdrawal in the prostate, while ARG-33 was upregulated during apoptosis only after estrogen withdrawal. This suggests that the two cDNA clones are regulated by steroids, and may be involved in apoptosis in these tissues. ARG-40 showed high homology to cytochrome b, while ARG-33 was novel.
Introduction
The mammalian ovary comprises a pool of oocytecontaining follicles that diminishes during life. A very small fraction of all oocyte-containing follicles fulfil their development and ovulate. Instead most follicles in the mammalian ovary terminate by atresia (Arai 1920 , Tsafriri & Braw 1984 . Follicular atresia shows morphological and biochemical changes characteristic for apoptosis , including loss of cell-cell contact in the granulosa cell layer, fragmentation of the basal membrane, pyknotic granulosa cell nuclei and fragmentation by endonuclease of the DNA into multiples of 185-200 bp. Rat follicular granulosa cell apoptosis occurs at any stage throughout follicular development, and is hormonally regulated by survival factors including estrogens, folliclestimulating factor (FSH), epidermal growth factor, transforming growth factor-and basic fibroblast growth factor, and by apoptotic factors like testosterone, gonadotropinreleasing hormone and interleukin-6 .
Although there are common pathways for apoptosis, the initiation of the death program seems to be controlled by cell-specific mechanisms (Steller 1995) . For instance, testosterone is a survival factor in rat testis (Tapanainen et al. 1993) and in prostate (Kyprianou & Isaacs 1988) , while it acts as an apoptotic factor in the rat ovary (Billig et al. 1993) . However, in the rhesus monkey it has been reported that androgens increase proliferation and inhibit apoptosis in small antral follicles (Vendola et al. 1998) .
A large number of genes, transcriptionally upregulated during apoptosis, have been isolated in various tissues (Owens & Cohen 1992 , Osborne 1995 , Amson et al. 1996 , Zhang & Zhang 1996 suggesting that transcription is important for apoptosis to occur. Indeed, the spontaneous onset of ovarian granulosa cell apoptosis in vitro was dose-dependently inhibited in the presence of a transcription or translation inhibitor. In addition, several genes have been shown to be upregulated during follicular granulosa cell apoptosis, including insulin-like growth factor binding proteins (IGFBP), testosterone repressed prostate message-2 (TRPM-2), cathepsin-D and angiotensin-II receptor . To identify other genes upregulated during and possibly involved in ovarian granulosa cell apoptosis, differential display of mRNA was used (Liang & Pardee 1992) , a method previously used to isolate apoptosis-related genes in other tissues (Amson et al. 1996 , Zhang & Zhang 1996 .
In the differential display of mRNA, ovarian RNA from hypophysectomized immature female rats implanted with estrogen (diethylstilbestrol; DES) was used. Ovaries with a high abundance of apoptosis were achieved by removing the implant on day 2 after hypophysectomy, leaving the animal without estrogen substitution for an additional 2 days before isolation of tissue. Ovaries with a low abundance of apoptosis were achieved by leaving the estrogen implant until isolation of tissue (Billig et al. 1993) . To confirm the upregulation of the isolated genes in apoptotic cells, the candidate genes were hybridized to mRNA isolated from three different models for apoptosis in the ovary, and from one model for apoptosis in the prostate.
Materials and Methods

Animals
Immature intact (B-K, Stockholm, Sweden) and hypophysectomized (Möllegård, Denmark) female SpragueDawley rats were kept under controlled environmental conditions and given tap water and pellets. All experiments were approved by the local animal ethical committee.
Hormones and reagents
Ovine FSH (NIH-FSH-S16) was obtained from the National Hormone and Pituitary Distribution Program, NIDDK, NIH, Bethesda, MD, USA. Pregnant mare serum gonadotropins (PMS), diethylstilbestrol (DES), actinomycin-D, and cycloheximide were purchased from Sigma Chemical Co. (St Louis, MO, USA). All other chemicals used were obtained from KEBO-lab (Spånga, Sweden) if not otherwise stated. Experiments done using actinomycin-D and cycloheximide were performed according to safety instructions.
Apoptosis models
DES-ovarian apoptosis model Rats, 22 days of age, were hypophysectomized by the peripharyngeal route, and given a 4 mg DES implant (15 mm Silastic tubing). RNA was isolated from ovaries with a low abundance of apoptosis achieved from rats given additional treatment subcutaneously with 10 µg FSH on days 3 and 4 after hypophysectomy (+DES). RNA isolated from ovaries with a high abundance of apoptosis was achieved from rats after estrogen-implant removal on day 2 after hypophysectomy ( DES). The rats were killed on day 4 after hypophysectomy, and ovaries were isolated and frozen in liquid nitrogen (Billig et al. 1993 , Chun et al. 1996 .
PMS-ovarian apoptosis model Immature female rats, 25-26 days of age, were treated subcutaneously with 10 IU PMS. Ovaries were isolated from untreated animals, and after 24 and 48 h following PMS treatment (Tilly et al. 1992a) .
In vitro apoptosis model Granulosa cells isolated from immature female rats (25-26 days of age) 48 h after PMS treatment (10 IU; Bicsak et al. 1986 ) were pelleted at 200 g for 5 min. The cells (1 million/ml) were incubated for 0 and 24 h in Eagles' MEM supplemented with bovine serum albumin (BSA; 1 mg/ml; Sigma Chemical Co.), penicillin (100 U/ml), and streptomycin (100 µg/ml; Life Technologies AB, Täby, Sweden) at 37 C in a humidified 95% air-5% CO 2 atmosphere. At termination, the cells were pelleted (200 g for 5 min), frozen in liquid nitrogen, and kept at 70 C until analysis (Tilly et al. 1992a ).
Prostate apoptosis model Male adult rats were castrated and the ventral prostate was isolated on days 0, 1, 2 and 3 after castration (Kyprianou & Isaacs 1988) . Tissue was kept at 70 C until analysis.
Isolation and analysis of RNA and DNA
RNA was isolated as previously described (Chomczynski & Sacchi 1987) . Briefly, the ovaries were homogenized in 4 M guanidinium thiocyanate, extracted at low pH, precipitated in isopropanol, and quantified with a Hitachi U-1100 spectrophotometer at 260 nm.
DNA fragmentation was determined as described earlier (Wyllie 1980 , Billig et al. 1998 . Low and high molecular weight DNA was measured with a fluorescence spectrophotometer (356 nm excitation and 458 nm emission; F-2000, Hitachi; Labarca & Paigen 1980) . In addition, low molecular weight DNA was labeled with 35 S-dATP (Amersham International plc, Amersham, Bucks, UK), using terminal transferase (Boehringer Mannheim, Mannheim, Germany), and fractionated through a 2% agarose gel, as described previously (Billig et al. 1998) , identifying the characteristic apoptotic DNA ladder. The degree of apoptosis was defined as the per cent low molecular weight DNA of sample compared with control value. Results are presented as means ... of at least seven samples. ANOVA followed by Student-NewmanKeuls multiple range test were used for statistical analysis.
Differential display of mRNA
Differential display of mRNA was performed as described (Liang & Pardee 1992) with the following modifications. Reverse transcription was performed at 37 C for 60 min, in a solution (50 mM Tris-Cl, pH 8·3, 8 mM MgCl 2 , 30 mM KCl, 10 mM dithiothreitol (Sigma Chemical Co.), 20 µM dNTP (Boehringer Mannheim), 1 U/µl Moloney murine leukemia virus reverse transcriptase (Pharmacia Biotech Norden AB, Sollentuna, Sweden), 1 µM of respective oligo(dT)-anchored primer (Liang & Pardee 1992) , and 10 ng RNA/µl.
PCR was performed in a 20 µl volume containing 1 PCR buffer, 1 U Taq-polymerase, 2 µM dNTP (Boehringer Mannheim), 10 µCi [ 35 S]-dATP (>1000 Ci/ mmol; Amersham International plc), 2 µl from the reverse transcription reaction, 1 µM of respective oligo(dT)-anchored primer and 0·2 µM of an arbitrary primer. Twenty different arbitrary primers were used (Liang & Pardee 1992) . The cDNA was denatured at 94 C for 30 s, primers annealed at 40 C for 2 min and elongated at 72 C for 30 s. This route was repeated for 40 cycles, and an extra elongation step at 72 C for 5 min was performed. All PCR reactions were run in duplicate, and cDNA was separated by electrophoresis on a 6% denaturing polyacrylamide gel, and visualized by autoradiography.
Differentially expressed cDNAs were excised from the gel, eluted in boiling water for 15 min, precipitated and reamplified, using the same primers as were used in the differential display of mRNA reaction. The cDNA fragments were cloned into the PCR II vector (Invitrogen BV, NV Leek, The Netherlands) for further use as probes.
DNA sequencing
The cDNA fragments were sequenced according to the dideoxy method using a cycle-sequencing kit (Amersham International plc), separated on a 6% denaturing polyacrylamide gel, visualized by autoradiography (Hyperfilm MP; Amersham International plc), and analyzed for homologies using National Center for Biotechnology Information (NCBI) blast (Altschul et al. 1990 ).
Northern blot analysis
RNA (10 µg) was separated by electrophoresis on a 1% agarose gel containing 6% formaldehyde and 1 MOPS buffer (20 mM MOPS, 5 mM sodium acetate, 1 mM EDTA) (Sambrook et al. 1989 ) and transferred to Hybond-N nylon membranes (Amersham International plc) in the presence of 20 SSC (1 SSC=0·15 M NaCl and 0·015M sodium citrate) using a vacuum blotting unit (2016 vacugene; LKB, Bromma, Sweden). The nucleic acid was cross-linked to the nylon membranes by baking the membranes at 80 C for 3 h. Membranes were prehybridized as described by the manufacturer in a buffer (50% formamide, 5 SSC, 5 Denhardt's solution, 0·5% SDS, and 100 µg/ml denatured salmon sperm DNA; Sigma Chemical Co.) for 2 h, followed by hybridization (2 10 6 c.p.m./ml) with a randomly primed cDNA probe ([ 32 P]-dCTP, 3000 Ci/mmol; Megaprime DNA labelling system 1607; Amersham International plc) overnight at 42 C, followed by repeated incubation in 2 SSC and 1% SDS for 5 min at room temperature and finally twice in the same buffer for 10 min at 42 C. The rinsed filters were exposed to Hyperfilm MP films (Amersham International plc). Autoradiograms were digitized using an Arcus II (AGFA) scanner, and Adobe Photoshop 3·0 software. Analyses were performed using ImageQuant software (Molecular Dynamics), and foldinduction was calculated for at least three independent experiments, based on pooled RNA from at least three animals. Results were related to the 18S ribosomal RNA, and are presented as means ...
Results
Dose-dependent inhibition of spontaneous apoptotic DNA degradation in granulosa cells by inhibition of transcription and translation
Granulosa cells isolated from PMS-stimulated immature rat ovaries and incubated (1 million/ml) for 24 h showed an increased amount of low molecular weight DNA, detected using fluorometric and gel-based DNA fragmentation assays. In the presence of increasing concentrations of the transcription inhibitor, actinomycin-D (0·05-5·0 µM), internucleosomal DNA degradation was dosedependently inhibited ( Fig. 1A and B) . Furthermore, in the presence of increasing amounts of the translation inhibitor, cycloheximide (0·01-1 µg/ml), internucleosomal DNA degradation was also dose-dependently inhibited ( Fig. 1C and D) .
Identification of estrogen withdrawal-related genes using differential display of mRNA
To identify genes upregulated in the ovary after induction of apoptosis, differential display of mRNA isolated from ovaries prior to or after estrogen withdrawal in the DES-ovarian model was used. Electrophoretic separation revealed 72 cDNAs to be differentially expressed in ovaries from hypophysectomized rats without estrogen support ( DES). The PCR products were excised, eluted, reamplified and subcloned, after which the size of the cDNAs, ranging from 209 to 473 bp, was confirmed using agarose gel-electrophoresis. Sequencing of the 72 cDNAs showed 3 duplicate and 69 individual cDNAs.
To confirm differential expression, the 69 cDNAs derived from the differential display of mRNA were hybridized to Northern blots containing RNA from the DES-ovarian apoptosis model, the same model as was used as mRNA source in the differential display. The hybridizations with 37 cDNAs were below the detection limit, and 27 cDNAs showed little or no difference between ovaries with a high or low abundance of apoptotic cells. Five of 27 candidates showed an increased expression in ovaries with a high abundance of apoptotic cells ( DES) compared with ovaries with a low abundance (+DES). Two of them, designated ARG-33 and ARG-40, are presented below in more detail (Figs 3A and 4a) .
No homologies between ARG-33 (326 bp, Fig. 2A ), and known genes were found in the NCBI databank. Expression of ARG-33 was detected in the ovary and the brain but not in the testis, muscle, heart, placenta, lung, liver, kidney and the adrenal (data not shown).
ARG-40 (228 bp, Fig. 2B ) showed 97% homology over 182 bp to mitochondrial cytochrome b (JO1436; Koike et al. 1982) . Tissue-distribution studies indicated high expression of ARG-40 mRNA in the heart and in the brain. Low levels of ARG-40 mRNA were found in the testis and the ovary (Fig. 4e) .
Differential expression of ARG-33 and ARG-40 in different models for apoptosis
Hybridization of ARG-33 cDNA to RNA from the DES-ovarian model, the same model used as mRNA source for the differential display, showed a 3·8 0·8-fold increase of mRNA expression in ovaries with a high abundance of apoptotic cells ( DES), compared with ovaries with a low abundance of apoptotic cells (+DES, Fig. 3A ). ARG-40 was upregulated by a factor of 1·7 0·2 in the same tissue (Fig. 4a) .
Rat prostate, undergoing apoptosis after castration, showed a small increase in ARG-40 mRNA expression on day 3 after castration ( Fig. 4d) while ARG-33 was below detection limit also in this tissue.
ARG-40 showed no significant difference in mRNA expression between immature female rats ( PMS) and rats treated with PMS (+PMS), using Northern blot hybridization, relative to the 18S ribosomal RNA. ARG-33 expression in this model was very low, but the detected expression showed no variations between the two groups ( Figs 3B and 4a) .
The expression of the cDNAs was studied in granulosa cells undergoing spontaneous induction of apoptosis when incubated in vitro for 24 h. The mRNA expression of ARG-33 was below the detection limit, and no change was detected in ARG-40 mRNA expression (Fig. 4c) .
Figure 1
Effect of inhibition of mRNA transcription and protein synthesis on apoptotic DNA degradation. Granulosa cells (1 million/ml) isolated from PMS-stimulated immature rat ovaries were incubated for 24 h, inducing a spontaneous onset of DNA degradation. (A) In the presence of increasing amounts of actinomycin-D (0·05-5·0 µM), a dose-dependent decrease in DNA degradation was detected, using a fluorometric DNA fragmentation assay as described in Materials and Methods. (B) Detection of DNA fragmentation in the absence of actinomycin-D (C) compared with in the presence of 5·0 µM acinomycin-D (5), determined with a gel-based DNA fragmentation assay. (C) In the presence of increasing amounts of cycloheximide (0·01-1 µg/ml) DNA degradation was dose-dependently decreased, using a fluorometric DNA fragmentation assay. (D) Detection of DNA fragmentation in the absence of cycloheximide (C) compared with in the presence of 0·1 µg/ml cycloheximide (0·1), determined with a gel-based DNA fragmentation assay. Results are presented as means S.E.M. of at least seven samples. ANOVA followed by Student-Newman-Keuls multiple range test were used for statistical analysis (**P<0·01).
Figure 2
Nuclear acid sequences of ARG-33 and ARG-40. The two cDNAs were isolated using differential display of mRNA, comparing RNA isolated from hypophysectomized rats with or without estrogen substitution. The cDNAs were then reamplified, subcloned and sequenced, as described in Materials and Methods. (A) ARG-33 (326 bp) was isolated using primers T 12 MC (TTTTTTTTTTTTMC) and OPA12 (TCGGCGATAG, bold) in the differential display of mRNA. (B) ARG-40 (228 bp) was isolated using primers T 12 MG (TTTTTTTTTTTTMG) and AP4 (GGTACTCCAC, bold) in the differential display of mRNA. Part of this sequence (underlined) show 97% homology to mitochondrial cytochrome b (JO1436).
Discussion
Spontaneously induced apoptosis in ovarian granulosa cells in vitro was dose-dependently inhibited in the presence of the transcription inhibitor, actinomycin-D, and the translation inhibitor, cycloheximide. Using differential display of mRNA from the DES-ovarian apoptosis model and subsequent Northern blot hybridization to the same ovarian apoptosis model, five genes were shown to be upregulated in ovaries with a high abundance of apoptotic cells compared with ovaries with a low abundance. Two of these genes, designated ARG-33 and -40, have been presented in more detail.
ARG-33 was novel, and ARG-40 showed high homology to cytochrome b (Koike et al. 1982) , which originates from mitochondrial DNA and takes part in the respiratory chain (Rödel 1997) . The mitochondria play a key part in apoptosis, since, for example, cytochrome c and apoptosisinducing factor are released from the mitochondria in response to apoptotic inducers, leading to nuclear apoptosis (Kluck et al. 1997 , Susin et al. 1999 . Interestingly, of the 37 differentially expressed genes that were below the detection limit using Northern blot hybridization, two cDNAs showed high homology to mitochondrial genes, the NADH:ubiquinone oxidoreductase and the cytochrome c oxidase.
In many tissues and cells, transcription and translation are prerequisites for apoptosis, since apoptotic cell death can be inhibited by inhibitors of RNA or protein synthesis (Martin 1993) , and the appearance of new proteins precedes the DNA cleavage (Zakeri et al. 1995) . Indeed, treatment of primary cultured ovarian granulosa cells with the transcription inhibitor actinomycin-D or the translation inhibitor cycloheximide inhibited the spontaneous onset of fragmentation of DNA in a dose-dependent manner, suggesting transcriptional dependence of apoptosis. However, in some cell types inhibition of transcription induces apoptosis, suggesting that suppressors of apoptosis are expressed in these cell types (Martin 1993) . During ovarian follicular apoptosis, transcription is not generally changed (Tilly et al. 1992b) , because follicular apoptosis coincides both with a decrease in mRNA expression, e.g. aromatase and gonadotropin receptors, as well as with an increase in mRNA, e.g. IGFBPs, TRPM-2, cathepsin-D, and angiotensin-II receptor .
Hypophysectomy increases apoptosis in ovarian granulosa cells, while estrogen treatment with DES inhibits apoptosis in this cell type in rats (Billig et al. 1993) . Using RNA from this ovarian apoptosis model in differential display of mRNA (Liang & Pardee 1992) , RNA preferentially expressed in ovaries with a high abundance of apoptosis was isolated (apoptosis-related genes; ARG). The ARG candidates were back hybridized using Northern blot hybridization to RNA of the same origin as was used in the differential display of mRNA, resulting in five genes showing an increased expression in ovaries with a high abundance of apoptosis compared with ovaries with a low abundance. This procedure has been used by others (Chapman et al. 1995 , Fang et al. 1998 . However, it demonstrates that the ARG candidates are regulated by estrogen, and may be involved in apoptosis. In addition, neighboring theca cells or granulosa cells not yet determined to undergo apoptosis may be affected by the changes seen in granulosa cells undergoing apoptosis. These changes may include the release of cellular debris in the form of apoptotic bodies (Ueda & Shah 1994), or an increase in the amount of reactive oxygen species (Skulachev 1998) . This could result in a transcriptional upregulation in neighboring cells in response to detrimental factors or to prepare for phagocytosis of apoptotic bodies. It is therefore of importance to study the expression of the ARG candidates in adjacent cells, and in other apoptosis models, such as a model for gonadotropinsuppressed apoptosis (PMS-ovarian apoptosis model; Tilly et al. 1992a) , the spontaneously developing apoptosis in vitro (in vitro ovarian apoptosis model; Tilly et al. 1992a) , and the prostate model for apoptosis (Kyprianou & Isaacs 1988) .
ARG-40 was transcriptionally upregulated in the prostate after castration. This indicates that ARG-40 may be part of a more general pathway, including, for example, the Bcl-2 family or the caspase family (Kroemer 1997 , Miura et al. 1993 . However, none of the ARG candidates was transcriptionally upregulated in the PMS-ovarian apoptosis model. Apoptosis occurs naturally at a high degree in immature (25-to 26-day-old) rat ovaries ( PMS), and is decreased by the treatment with the FSH Figure 3 Expression of ARG-33 in models for apoptosis in the ovary. Ovarian RNA was isolated from hypophysectomized rats with (+DES) or without ( DES) estrogen substitution, or from immature rats with (+PMS) or without ( PMS) gonadotropin stimulation as described in Materials and Methods. ARG-33 cDNA was used as probe for Northern blots containing 10 µg RNA from the above-mentioned models. analogue, PMS, that stimulates to follicular growth (Tilly et al. 1992a) . It could be reasoned that genes upregulated in apoptotic ovaries from both models, e.g. absence of DES and PMS respectively, are more likely to be part of the apoptotic process itself, instead of the hormonal treatments alone. Even though FSH is recognized to prevent apoptosis in vitro (Chun et al. 1996) , and the lack of FSH receptor stimulation (i.e. hypophysectomy) leads to apoptosis (Chun et al. 1994) , this model may not be suitable to confirm ARG expression in a cell undergoing apoptosis.
FSH stimulates not only cell differentiation, but also cell proliferation and ovarian follicular development. Therefore, comparing mRNA isolated prior to and after FSH receptor stimulation in vivo, may more reflect a change in the incidence of proliferating cells, rather than cells being prevented from or undergoing apoptosis. To eliminate the influence of changing cell populations (i.e. FSH receptor stimulation in vivo), expression of ARG candidates was studied in isolated granulosa cells, which are the main target for apoptosis in the ovary (Billig et al. 1993) . In the Figure 4 Expression of ARG-40 in models for apoptosis in the ovary and in the prostate as described in Materials and Methods. Ovarian RNA was isolated from hypophysectomized rats with (+DES) or without ( DES) estrogen substitution, from immature rats with (+PMS) or without ( PMS) gonadotropin stimulation, or from cultured granulosa cells. Prostatic RNA was isolated from rats at different times after castration. ARG-40 cDNA was used as a probe for Northern blots containing 10 µg RNA from the above-mentioned models. in vitro ovarian apoptosis model, apoptosis is induced spontaneously in primary cultures of granulosa cells when incubated (Tilly et al. 1992a) . However, none of the ARG candidates were transcriptionally upregulated in the in vitro ovarian apoptosis model.
That the upregulation of ARG-33 was seen only in one ovarian apoptosis model (the DES-ovarian apoptosis model) and not in the prostate apoptosis model suggests that it may take part in an ovary-specific apoptotic pathway. Indeed, tissue distribution studies showed that ARG-33 mRNA was only detected in the ovary and the brain. ARG-33 expression was not detected in cultured granulosa cells but in whole ovaries undergoing apoptosis, indicating that it may be expressed in neighboring cells, e.g. theca cells, and not in apoptotic granulosa cells, possibly as a response to the apoptotic cells. Interestingly, the mRNA expression of ARG-40 was high in most tissues studied. The upregulation of ARG-40 in the estrogen withdrawal-induced ovarian apoptosis model and in the androgen withdrawal-induced prostate apoptosis model suggest that it may be involved in a more general pathway for apoptosis.
However, the fact that none of the ARG candidates showed an increased mRNA expression in two of three ovarian apoptosis models suggests that the ARG candidates may rather be regulated by the estrogen withdrawal in the DES-ovarian apoptosis model, or the androgen withdrawal in the prostate apoptosis model. However, it does not exclude the possibility that the ARG candidates may be related to apoptosis in a different pathway (Cory 1998 ).
In conclusion, apoptosis in ovarian granulosa cells is dependent on transcription and translation. Using differential display of mRNA, and Northern blot hybridization, two cDNA clones (ARG-33 and -40), upregulated during apoptosis in hypophysectomized rat ovaries after estrogen withdrawal, were isolated. ARG-40 was also upregulated during apoptosis after castration, indicating that the two cDNA clones are regulated by steroids, and may be involved in apoptosis. Received 23 April 1999 Accepted 13 July 1999
